Introduction
Wearer comfort is an important consideration in the performance of materials used in operating room (O.R.) gowns. The purpose of this research is to scientifically assess and compare the comfort properties of nonwoven and woven materials used for this important application.
This study combined two levels of investigation necessary for comprehensive comfort performance analysis: 1) Quantitative measurement of comfort related physical properties of test swatches using highly sensitive specialized instrumentation adapted to human response levels, and 2) a statistically significant subjective human subject garment comfort study. The data from these separate measures were integrated to identify the underlying material reasons for differences in comfort performance. Measurement was accompanied by concurrent subjective response assay to verify actual threshold sensitivity of the subjects to the instrumentally measured values.
Test Garments
The test garments were two types of commercially available operating gowns, identified as test garment A and B. Both gowns are identical in design, consisting of a simple one-piece garment that falls straight from the shoulder seams. The gowns have set-in sleeves, a wrap-around back panel that fastens at the neck and/or waist with tie/Velcro® closures. They have knitted sleeve cuffs to secure the edge at the wrist. Descriptions used in each of the gowns is as follows:
Identification Gown Materials A Single-use spunlace nonwoven
B Reusable woven cotton
The single-use gown (A) was tested in package form as received. The reusable gown (B) was commercially laundered before use and after each wear trial. Also, pressing after each laundering was required. For the test, evaluators wore a two-piece woven polyester/cotton scrub suit underneath the surgical gown with an operating room cap, mask and latex gloves. Evaluators also wore their own undergarments (males wore undershorts and females wore a bra and panties) and sneaker-type shoes with athletic socks.
Garment Wear Trials
Controlled garment wear trials were conducted using the state-of-the-art climate chamber available at the Center for Research on Textile Protection and Comfort at North Carolina State University (T-PACC).
Evaluators
Twenty males and nineteen females participated in the study, a total of 39 participants. Evaluators were obtained from the North Carolina State University, T-PACC subject pool, which includes persons, primarily students, who through a screening process were determined to be healthy nonsmoking individuals between 18 and 35 years of age. All evaluators received an initial orientation regarding requirements of participating in the wear trial.
Wear Trial Protocol
The wear trial protocol was deliberately designed to produce conditions of physical activity and environment that would cause differences in human response to the physical properties and characteristics of the operating gown garments to emerge. The wear protocol, based on the general approach developed by Hollies [1] , was designed to include sweat generating activities that would represent a reasonable range of comfort conditions, for operating gown applications. The protocol featured a five-period test sequence that included periods of physical activity alternating with periods of rest, in moderate and mildly warm environmental conditions. Sweat producing exercises were incorporated, including a mild aerobic step exercise and an exercise that required upper torso dexterity and mental skill (Figure 1 ). Prior to initiating the wear trial, evaluators were required to sit quietly for 15 minutes in a moderate (21 o , 65% RH) environment. This was done to bring the evaluators to a relaxed condition. The protocol proceeded as described in Table 1 .
Figure 2 RATINGS OF GARMENTS FOR ALL PERIODS COMBINED

Figure 3 RATING OF GARMENTS FOR ALL PERIODS COMBINED
Test gowns were randomly assigned to evaluators, so that different types were worn in each test session. This practice assured that more independent ratings were obtained. Additionally, evaluators were instructed not to discuss the gowns or their ratings. An evaluation form was designed to obtain ratings of comfort and sensory tactile properties for each of the five periods of the test protocol. The first three items on the evaluation form require evaluators to rate overall comfort, warm-cool feeling, and softness of the material. The rating values of these items ranged from 1-7 as they appear on the evaluation form with 7 representing the most comfortable, coolest, and softest garment. Surface Eleven descriptor terms were selected to be representative of the fabric properties that are most relevant for operating gown applications. The descriptors are stated negatively because individuals are better able to discern degrees of tactile unpleasantness than degrees of tactile pleasantness. Values of 1-5 were assigned in these ratings with 1 = "totally" and 5 = "no sensation" (do not sense any negative quality). Higher values denote a more desirable quality. Table 2 contains a list of the descriptor terms with the associated physical property of the fabric.
Wear Trial Results
The average rating of each comfort descriptor combined over all five periods of the wear test protocol, are shown in Figures 2 and 3 . Selected comfort ratings are presented, by the specific rating period of the protocol in Figures 4-10 . T-test analysis was used to determine if the difference between the mean ratings for the two operating gowns are statistically significant. The results of statistical analysis are presented in Appendix A to this paper.
Substantial differences do not emerge between test garments for the broad comfort descriptors of softness, thermal feeling and overall comfort vote, as these ratings are averaged over all periods of the wear test protocol (Figure 2 ). This finding suggests that general or composite descriptors of evaluator comfort response are too diffuse to discriminate between these particular materials. On the other hand, perceived differences are more apparent when primary, or more specific ratings of skin contact discomfort sensations, such as stiffness or dampness, are used ( Figure 3 ). show lower ratings for both gowns during periods that involve aerobic exercise (#2), or conditioning in a mildly warm environment (#3), and the mental dexterity activity in the warm environment (#4), than while sitting at rest in a moderate environment (periods #1 and #5). The results indicate that the nonwoven gown (A) is judged to be equal to the woven cotton gown (B) in the overall comfort vote. The two gowns are similar on most qualities evaluated, except that the cotton gown is always judged as being significantly heavier than the nonwoven gown. Differences associated with perceptions of stiffness and stickiness were also apparent in some rating periods, but these trends were not as strong as those associated with perception of garment heaviness.
Subtle differences are further revealed when comfort ratings are considered in discrete rating periods, as evaluators progressed through the activities called for in each period of the test protocol. Differences were most apparent during period #4. Period 4 included the mental dexterity activity performed following physical exercise. Period 4 was also a warm environment conditioning period. This part of the wear test revealed comparative advantages of each of the test gown materials. Besides perceived as being less heavy (Figure 4 ) the nonwoven gown (A) felt less snug ( Figure 5 ) and less stiff (Figure 6 ) than the woven cotton gown in Period 4. These results suggest that the nonwoven gown possesses advantageous comfort qualities associated with the tactile properties of the material. After the mental dexterity activity, the woven cotton gown (B) felt less sticky (Figure 7 ), less damp (Figure 8 ), less clingy (Figure 9 ), and less prickly (Figure 10 ) than the nonwoven gown. All of these qualities are associated with skin moistness. Since cotton absorbs sweat formed on the skin, it contributes to reduce perceptions of skin wetness. The gown made with the nonwoven has less ability to absorb, or wick, the liquid from the skin surface.
Fabric Properties
This study included a comprehensive analysis of measured material properties associated with clothing comfort. Test samples were cut from operating gowns identical to those used in the comfort wear trials. Wash preparation for the instrument tested materials was identical to the preparation of equivalent test gowns used in the wear study: The nonwoven material (A) was tested "as received," the woven material (B) was tested after laundering. Unless otherwise stated, all test samples were conditioned for testing in a standard laboratory atmosphere (210C, 65% RH). Heat and moisture transfer properties were measured using a sweating guarded hot plate, or skin model [2] . The Kawabata Evaluation System (KES) was used to measure fabric mechanical and surface properties [3] . Fabric structural properties measured included weight, thickness, bulk density and fiber volume fraction. The air permeability and wickability of the test fabric properties are summarized in Table 3 . A description of test methods and measured parameters is given in the Appendix B to this paper.
The results of the instrument measurements generally explain the subjective ratings produced during the garment wear trial. The lower material weight and thickness of the nonwoven garment fabric A translates to provide an advantage in evaluator ratings on certain mechanical properties. It is thinner, lighter in weight with lower bulk density than the woven cotton. These properties are expected to influence the material stiffness. The higher air permeability of fabric (A) associates with better moisture vapor permeability, as shown by the higher permeability index (im value) measured in the sweating skin heat transfer test. However, clo values and calculated comfort limits indicate that dissipation of body heat through these materials may not be the most critical factor differentiating comfort performance in these wear conditions.
The results of Kawabata (KES) testing of mechanical hand properties show that surface roughness (SMD value) and bending rigidity (B value) are generally comparable for both materials. Stiffness and stretchability are qualities where ratings fail to support predictions from the instrument measurements. The nonwoven (A) does have a significantly higher shearing stiffness (G value) but was judged by evaluators as being less stiff than the cotton material. Nonwoven materials typically are less shearable than woven fabrics. The bending rigidity, which was similar for the two materials, may be a stronger determinant of stiffness than the shearing property. Differences in stretch were not detected in the wear trials but the woven cotton (B) had much higher tensile extensibility (EMT value).
The woven cotton fabric shows an ability to wick liquid moisture. This, undoubtedly, explains comfort advantages associated with skin wetness.
Conclusions
Both the instrument and garment wear trial are useful for discriminating a variety of subtle properties that contribute to the cumulative perception of the comfort of these particular woven and nonwoven operating gowns. These results point to the following conclusions:
The nonwoven (A) is generally equivalent to the cotton gown (B) in all specific comfort descriptors, q except weight and stiffness, where it has an advantage. These mechanical advantages translate into the perception of added mobility in the gowns, especially during periods of mental dexterity activities following skin sensitization with sweat producing exercise and/or warmer environments. At the same time, because of its greater moisture absorption capacity, the cotton gown (B) has an advantage in the perception of comfort sensations associated with feeling of skin or clothing wettedness. The moisture management advantages became apparent following sweat-producing mental and physical activities.
q
The techniques used in this study effectively distinguish differences in comfort performance of operating gowns. However, overall comfort descriptor ratings are shown to be too diffuse to distinguish between these two operating gowns for this range and application. When a general comfort impression is sought, no statistically significant difference is obtained between the test garments despite objective structural differences. Differences in perception show up only on more specific comfort ratings, which break down comfort sensations into their tactile and moisture-related components.
In summary, the wear trial protocol provided comprehensive and informative data for assessing overall tactile, heat and moisture transport and aesthetic response. This scientific approach to wear comfort evaluation is useful in identifying the underlying physical causes of discomfort and pointing to the instrument measures that can quantify them.
Additional research studies that use these laboratory techniques to explore the factors that control the comfort of operating gowns, would be of considerable scientific and practical value. 
APPENDIX B
Fabric Structural Properties Weight Weight was measured according to ASTM D 3776 small swatch option. Three 5 in. x 5 in. specimens were weighed on an analytical balance and the weight calculated in mass per unit area (oz/yd 2 ).
Thickness
The thickness of the fabric samples was determined using the KES-FB3 compression tester. The thickness of a 2 cm 2 area was measured at 0.5 gf/cm 2 and is reported in millimeters (mm).
Bulk Density
The bulk density is calculated from the fabric areal weight (kg) and volume (m3): Bulk density = weight/volume (kg/cubic meters).
Air Permeability
Air permeability is measured using the KES-F8-API permeability tester. A constant rate of air flow (in Kpa.s/m) was passed through a known area of fabric into the atmosphere. The air resistance of the specimen is directly measured using low sensitivity in the range of 0.1 to 26.00 (cubic feet/square.minute).
Heat and Moisture Transport Properties
Thermal comfort properties determined were calculated from measures made with skin model hot plate instrumentation. The reported comfort parameters are described below.
Heat Transfer: Dry and Sweating Skin Tests, including Insulation, Permeability Index, and Comfort Limits Heat transfer is the measure of the heat flow from the test plate (heated to a skin surface temperature of 35 o C) through the material into the test environment (21 o C, 65%RH). It is determined in Watts/m 2o C for dry skin and wet skin conditions. Comfort parameters, calculated from heat transfer values, include:
a. Clo is a unit of thermal resistance which indicates the insulating ability of the test material. A clo value of 1 represents a typical man's business suit and is expected to maintain thermal comfort for a person in a normal indoor environment.
b The im value, or permeability index, indicates moisture-heat permeability through the material on a scale of 0 (totally impermeable) to 1 (totally permeable). This comfort parameter indicates the effect of skin moisture on heat loss.
c. Comfort limits are the predicted metabolic activity levels that wearers may sustain and maintain body thermal comfort in the test environment. The comfort limit reported in this paper is based on 20% evaporative heat loss.
Wicking
The water transport rate is measured using to a vertical strip wicking test. In this test, one end of a fabric strip (25mm wide X 170 mm long) is clamped vertically with the dangling end immersed to about 3 mm in distilled water at 21ÞC. The height to which the water is transported along the strip is measured at 1, 5 and 10 minute intervals and reported in centimeters (cm). Higher wicking values show greater liquid water transport ability.
Mechanical Tactile (KES) Properties
KES instruments measure mechanical properties that correspond to the fundamental deformation of fabrics in hand manipulation and clothing wear. Different tests are performed using KES, generating different mechanical characteristics. Each test and its specific parameters is listed below. A standard specimen size of 20 cm x 20 cm is used in three replications. All measurements are directional, except for compression, and are made in both the warp/machine direction, and in the filling/cross direction of the sample.
Tensile
The tensile test, done on the KES-FB1 Tensile-Shear Tester, measures the stress/strain parameters at the maximum load of 50 gf/cm for nonwoven fabrics and 500 gf/cm for woven fabrics. The reported tensile parameter is: EMT -extensibility, percent strain at maximum load of 500 gf/cm (100% = complete elasticity, 0% = complete inelasticity).
Shearing
In shear testing, opposing parallel forces are applied to the fabric by the KES-FB1 Tensile-Shear Tester until a maximum offset angle of 80 is reached. A tension load of 10 gf/cm was applied to the specimen in shearing. Shearing stiffness is the ease with which yarns/fibers slide against each other resulting in soft/pliable to stiff/rigid structures. The reported shear property is:
G -shear stiffness, gf/cm.degree (higher G value means greater stiffness/resistance to the shearing movement).
Bending Bending, measured with KES-FB2 Bending Tester, is a measure of the force required to bend the fabric approximately 150 o . The reported bending parameter is:
B -bending rigidity per unit fabric width, gf.cm 2 /cm (higher B value indicates greater stiffness/resistance to bending).
Surface
The surface properties of friction (resistance/drag) and surface contour (roughness) were determined using the KES-FB4 Surface Tester. The reported surface property is:
SMD -geometric roughness, micron (higher SMD corresponds to a geometrically rougher fabric surface).
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